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1. INTRODUCTION
In recent decades, political institutions and public opinion have shown a 
growing interest in issues related to the environment and climate change. 
From this perspective, in the scientific community, there is broad con-
sensus regarding the need for limiting global warming below 2 °C with 
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respect to preindustrial period temperatures to avoid damage that would 
lead to more frequent and serious environmental disasters. During the 
recent international agreement on environmental issues signed at the 
21st Conference of Parties (COP21), 195 State parties committed to limiting 
their polluting emissions to ensure that the increase of global tempera-
tures remains well below 2 °C (UNFCCC, 2015; Robbins, 2016). 1
Given the political significance of environmental issues, both the hard 
and social sciences show interest in debates regarding pollution and its 
link with human activities, such as the production of goods and services. 
Several theoretical, methodological and empirical studies in the economics 
literature relate to the topic of the economic and environmental impacts 
of reducing CO2 (carbon dioxide) emissions.
In addition to the well-known theory of the Environmental Kuznet Curve 
(ECK) that outlines that the relation between economic growth and envi-
ronmental degradation shows an inverted U shape (see Carson, 2010 and 
Kijima, Nishide and Ohyama, 2010, for a review on this subject), there exist 
several studies that attempted to provide evidence for this relation. In 
the recent work of Calcagnini, Giombini and Travaglini (2016), the authors 
test whether significant relationships exist between labour productiv-
ity and energy intensity and between labour productivity and per capita 
emissions. Furthermore, they analyse the possible effects of demand and 
supply shocks on the short-term and long-term trends of these variables. 
Other studies have focused on researching the drivers of pollution at the 
firm level and examining the effects of factor intensities, size, efficiency, 
technological innovations, environmental regulations (see for example 
Cole, Elliott and Shimamoto, 2005), and the role of public policies such as 
the introduction of environmental Pigouvian taxes and emission trading 
schemes.
1 In the final version of the document, all the countries agreed to use the same sys-
tem of measurement, control emissions and meet every 5 years to assess progress 
in emission abatement and define new targets. Furthermore, advanced countries 
agreed to allocate resources to developing countries to facilitate their transition to 
green energies (up to 100 billion dollars by 2020). Despite these measures, certain 
scholars have criticized the agreement since it creates non-binding standards and 
gives countries the discretion to self-determine the amount of polluting emissions 
they seek to reduce (Robbins, 2016).
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Among the most discussed issues, scholars are analysing the convergence 
patterns among polluting emissions at country levels (see for example: 
Strazicich and List, 2003; Stegman and McKibbin, 2005; Aldy, 2006; Lee 
and Chang, 2008). This study also focuses on this topic.
For economists, the term ‘convergence’ is related to the analysis of eco-
nomic growth disparities across countries (Barro and Sala-i-Martin, 1991). 
In its original application, convergence was a mean to study the economic 
growth process in developing countries. Specifically, convergence was 
used to assess if the rate of economic growth was higher in developing 
countries than in advanced economies, which would reduce income ine-
qualities. The purpose of this study is to use the conceptual framework 
of convergence and apply it to countries’ environmental performance, 
in the attempt to assess if it is levelling off across the European Union 
(EU) countries. Indeed, we believe that environmental regulation can 
reduce emissions in the top polluting sectors, particularly those that are 
less efficient. Policies such as the EU Emission Trading Scheme (EU-ETS), 
which set a common cap and a common market for tradable permits, can 
lead to a convergence of the environmental performances of countries in 
the EU.
The issue of convergence as related to environmental performances is also 
relevant from a political point of view. As Aldy (2006) argues, the more 
plausible it is that a convergence process has begun and the environmen-
tal performances of the least advanced countries is moving towards those 
of developed countries, the more willing developing countries would be to 
commit to emission abatement goals during negotiations.
We use data obtained from the WIOD database to study the environmen-
tal performances of 27 European countries (all the current members of the 
EU, except for Croatia) for the period 1995-2009 and apply the same meth-
odology used by Rodrik (2013). We consider the European context because 
of the great policy efforts shown in climate change mitigation, particu-
larly regarding CO2 emissions. Furthermore, the members of the European 
Union (EU) are diversified in terms of both economic and environmental 
performances (i.e., the newest member states had not developed an envi-
ronmental commitment as stringent as the EU prior to their participation 
in the Union; therefore, we expect their initial levels of CO2 emissions to 
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be higher). According to the European Environment Agency (2015), the 
European Union is the third polluter in the world after China and the 
USA. The EU28’s emissions were 4,477 million tonnes of CO2-equivalent 
in 2013. Germany, the United Kingdom, France, Italy and Poland account 
for 63.5% of total emissions. As for the polluting agents, CO2 is the top 
greenhouse gas in terms of amount emitted (3,650 million of tonnes), fol-
lowed by methane (CH4), nitrogen monoxide (N2O) and hydrofluorocar-
bons (HFC), which are other important GHGs.
In our analysis, environmental performances are measured using an 
indicator of environmental productivity computed as the ratio between 
value added and carbon dioxide emissions, which was first introduced by 
Repetto (1990). According to the author, although the cost of non-market 
outputs, such as CO2 emissions, is important, researchers should account 
for their value in terms of the “environmental dimension of productivity 
change” (Repetto, 1990, p. 34). Marin (2012) empirically applied this con-
cept to study the effects of regulations, technological change, investments 
and energy prices on environmental efficiency improvements. To the best 
of our knowledge, this study is the first to use this indicator for a conver-
gence analysis at the sectorial level. This study contributes to the existing 
literature because our dependent variable considers the relation between 
the economic and environmental performances of a sector, which is a cru-
cial aspect that should be considered to ensure competitiveness in the EU 
manufacturing sector.
Analysing the convergence of this indicator can offer several meaning-
ful insights regarding the EU policy-making processes. An improvement 
in this indicator could occur because of either a decrease in CO2 emis-
sions while the VA remains constant (i.e., an improvement in environ-
mental performances) or an increase in VA while CO2 remains constant 
(i.e., an improvement in economic performance). This is consistent with 
the achievement of both environmental policy objectives (e.g., the correct 
functioning of the EU-ETS) and industrial policy objectives. 
As in Rodrik (2013), we focus on manufacturing sectors and do so for two 
primary reasons. First, manufacturing industries account for a large share 
of CO2 emissions. According to Eurostat, CO2 emissions related to manufac-
turing activities amounted to 836.5 million tonnes in 2013, representing 
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28% of total emissions. 2 Second, these same industries are the target of 
complex EU climate change mitigation strategies, such as the Emission 
Trading Scheme (ETS). Despite structural changes in the European econ-
omy that imply a growth in the value added produced by the service sec-
tor and a slowdown in the relative importance of the manufacturing sec-
tor, addressing issues related to polluting emissions is pivotal for reaching 
EU climate policy goals. As the European Environmental Agency explains, 
manufacturing industries show better performances from a dynamic point 
of view and can adapt to eco-innovations and efficiency improvements; 
therefore, they are more capable of reducing their emissions over time 
(EEA, 2014). Thus, a reduction in the industrial emissions will contrib-
ute significantly and positively to the environmental impact of the aggre-
gate economy. Moreover, the manufacturing sector continues to be crucial 
for the economic development in Europe, as witnessed by the European 
Commission (2014), which claims that an “industrial renaissance” is nec-
essary for the continent and has defined targets such as industrial activi-
ties generating 20% of the EU GDP by 2020.
The remainder of this paper is organized as follows: Section 2 presents a 
synthetic review of the literature regarding convergence in environmen-
tal performances; Section 3 addresses the methodology, while Section 4 
explains the sources of data. The results are discussed in Section 5 and 
Section 6 concludes.
2. LITERATURE REVIEW
The vast majority of studies regarding the convergence of environmental 
performances focuses on variables such as polluting emissions. The trend 
of polluting emissions and the existence of convergence patterns became a 
major issue in the economic literature in the 90’s. As Islam (2003) argues 
in his study of income convergence, scholars have employed different 
methodologies that have resulted in conflicting empirical results. For this 
2 The most polluting economic activity in the EU27 is the production and supply of 
energy and gas (1191 million tonnes, 39.5% of the total); other relevant sectors are 
transport (485 million tonnes, 16%) and agriculture (100.5 million tonnes, 3.3%).
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analysis, three of these methodologies are relevant, i.e., β-convergence, 
σ-convergence and stochastic convergence. 3
β-convergence occurs when countries with lower levels of per capita (or 
relative) emissions experience higher growth rates of emissions. The 
β-convergence focuses on the relationship between the initial level of per 
capita polluting emissions and its growth rate. Using this definition, con-
vergence occurs when higher growth rates of a variable, on average, cor-
respond to low initial levels (negative relation). In the context of pollut-
ing emissions, this implies that low-polluting countries show increasing 
per capita pollution over time. Among the scholars who have applied this 
definition, Strazicich and List (2003) find convergence among per capita 
CO2 emissions of 21 industrialized countries during the period from 1960 
to the end of the 1990s. Moreover, their results emphasize the role of fuel 
prices and average temperatures in determining the timing of the conver-
gence process.
Stegman and McKibbin (2005) find weak evidence for absolute 
β-convergence, using data for 91 non-OECD countries during the period 
1950-2000. Finally, Lee and Chang (2008) use data for OECD countries from 
1960 to 2000 and determine that only 7 countries are converging in terms 
of emissions.
Another concept of convergence is σ-convergence. This definition considers 
the variability of distribution, i.e., the trend of an appropriate measure of 
the statistical dispersion of a variable (e.g., standard deviation) over time. 
To clarify, σ-convergence exists when the trend of the statistical disper-
sion decreases over time, which indicates a gradual convergence towards 
the mean of the distribution (Islam, 2003). For example, Aldy (2006) and 
Panopoulou and Pantelidis (2009) use data on per capita emissions to study 
σ-convergence. Both studies examine trends in the variability measures 
for the distribution of per capita emissions. Aldy (2006) provides evidence 
to support the convergence hypothesis for a sub-sample of OECD countries; 
the entire sample included 88 countries. Panopoulou and Pantelidis (2009) 
use data for 128 countries from 1960 to 2003 and test for the convergence 
of emissions for both the overall sample and, in alignment with Phillips 
3 Islam (2003) offers a complete overview of the different definitions and analytical 
techniques used in the convergence literature.
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and Sul (2007), for a selected group of countries (“club convergence” 4). 
Although there is no evidence of σ-convergence in the overall sample, 
they highlight its existence among countries that share certain charac-
teristics, such as adopting the same currency, the same level of industri-
alization, and the same level of economic development. For these groups 
of countries, the distribution shows σ-convergence, since the dispersion 
decreases over time, which implies that the disparities among countries’ 
per capita emissions level out. There is no evidence of convergence in low-
income countries, OPEC countries, or transition economies. Regarding geo-
graphical areas, there is a strong convergence for countries in the Middle 
East, northern Africa, eastern Asia, Latin America, the Pacific, and the 
Caribbean. No σ-convergence can be found in geographical areas such as 
Europe, southern Asia, and Sub-Saharan Africa. The concept of conver-
gence clubs was also presented in Herrerias (2013). The author refers to 
per capita emissions between 1980 and 2009 and distinguishes data based 
on different fossil fuels. Data for oil-related emissions include 162 coun-
tries; data for carbon-related emissions include 72 countries, and data 
for gas-related emissions include 58 countries. The study find evidence of 
4 convergence clubs and 24 non-converging countries for emissions from 
oil combustion, 7 convergence clubs and 20 non-converging countries for 
emissions from carbon combustion, and 9 convergence clubs and 9 non-
converging countries for emissions from natural gas combustion.
The final definition of convergence presented in this study is stochastic 
convergence. This concept of convergence has recently become widespread 
(see Bernard and Durlauf, 1995; Bernard and Durlauf, 1996; Lee, Pesaran 
and Smith, 1997). The analysis of stochastic convergence focuses on long-
term trends of per capita emissions as related to the average emission 
value of the sample. Generally, stochastic convergence occurs if the shocks 
in relative emissions are temporary, i.e., if emission trends are stationary 
(Panopoulou and Pantelidis, 2009). Westerlund and Basher (2007) indicate 
the existence of stochastic convergence in the emissions from fossil fuels 
of 16 industrialized countries during the period 1870-2002. Furthermore, 
4 The term, club convergence, indicates a search for convergence in groups of coun-
tries that have similar levels of certain measurable factors (e.g., income, education, 
or polluting emissions). In this case, countries with similar characteristics (e.g., 
advanced economies or developing economies) follow a similar growth trend, which 
leads to a group-specific steady state. 
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the results show an even faster convergence in the emissions of 12 develop-
ing economies during the period 1901-2002. Romero-Avila (2008) report the 
same results despite considering a shorter period (1960-2002) and using a 
sample of 23 OECD countries. Barassi, Cole and Elliott (2008) provide oppos-
ing evidence and affirm the absence of stochastic convergence in fossil 
fuel emissions among 21 countries from 1950 to 2002.
The literature on the drivers of polluting emissions is also relevant to 
the purposes of this study. Among others, Cole, Elliott and Shimamoto 
(2005) is centred on the drivers of six air polluting substances from the 
UK manufacturing sector, including CO2. The model defines the demand 
for pollution from firms and included six variables (energy use, fac-
tor intensities, size of firms, efficiency of production process, use of 
modern production processes and innovation), and a pollution sup-
ply from a local community (consisting of indices for formal and infor-
mal regulations). 5 In equilibrium, the results show that the effects on 
the emissions of energy use and the intensity of human capital are pos-
itive and significant for all polluting substances. The study also deter-
mined that a greater use of physical capital leads to higher levels of emis-
sions. Generally, more complex industrial processes are correlated with 
higher environmental pressures. Variables such as size, productivity and 
R&D expenditures (as a proxy for innovation) are negatively correlated 
with emissions; higher values for these variables correspond to lower 
pollution.
5 To be more specific about the relationship between pollution demand and the dif-
ferent variables considered by Cole, Elliott and Shimamoto (2005), the hypothesis is 
that when energy use increases, pollution demand increases. Regarding factor inten-
sities, capital-intensive sectors present higher abatement costs; therefore, higher 
levels of pollution are in demand. The relationships for sectors that employ more 
human capital is unclear because those production processes could be more com-
plex and thus, more polluting. Conversely, they might be characterized by higher 
efficiency, with positive effects from the environmental point of view. According to 
the authors, the size of firms is relevant because larger firms are likely to benefit 
from economies of scale when addressing emissions. Finally, an inverse relationship 
exists between pollution demand and the other three variables, i.e. the efficiency of 
production processes and the use of modern production processes and innovation. 
From the supply side, focus is on both formal regulation (referring to instruments 
such as command and control regulations, pollution taxes and tradable permits) and 
informal regulation (lobbying and pressure from local communities to respect the 
environment).
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Marin (2012) focuses on how the diffusion of technology from advanced to 
laggard countries influences emission trends for 5 different polluting sub-
stances: carbon dioxide (CO2), sulphur oxides (SOX), nitrogen oxides (NOX), 
non-methane volatile organic compounds (NMVOC) and carbon monoxide 
(CO). The author uses data for 23 manufacturing sectors of 13 European 
countries for the period between 1996 and 2007. Results suggest that the 
flow of technology from advanced countries to laggard countries has a 
positive effect in terms of the environmental impact of all the polluting 
substances considered, except NMVOC. 
STIRPAT (Stochastic Impacts by Regression on Population, Affluence and 
Technology 6) is a widespread model used to investigate pollution drivers 
from a macroeconomic point of view. York, Rosa and Dietz (2003) find 
that population, value added generated in the manufacturing sector, per 
capita GDP and latitude of the country are relevant drivers of pollution. 
Martinez-Zarzoso, Bengochea-Morancho and Morales-Lage (2007) consider 
European countries and obtain similar results; per capita GDP and popu-
lation are the principal drivers of emissions, which is particularly true 
for the newest members of the EU. Finally, population and average tem-
perature are relevant in the study conducted by Ezcurra (2007). To exam-
ine the effect of trade on emissions, the author compares the distribution 
of per capita emissions with the distribution of per capita emissions con-
ditioned for trade openness. Because the shape of the conditional distribu-
tion is similar to the original distribution, the author concludes that trade 
openness has no effect on emission trends.
The variable of interest in our analysis is an indicator of environmen-
tal performances, introduced by the seminal work of Repetto (1990), who 
identifies environmental productivity as the ratio between value added 
and polluting emissions at the sectorial level, as specified later in the text. 
Despite the differences in the variables studied, from our point of view it 
is still interesting to analyse the literature.
6 Source: http://stirpat.msu.edu/
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3. METHODOLOGY
The methodology used in this paper basically follows Rodrik (2013), who 
examines convergence in terms of labour productivity at the sectorial 
level. In this analysis, we consider convergence in terms of “environmen-
tal productivity” (EP). In other words, similar to Repetto (1990) and Marin 












where VAc,i,t and CO2c,i,t refer to the i-th sector in country c and period t and 
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represents the amount of value added per unit of CO2 emissions in each 
sector. It is necessary to define the growth of the index of environmental 
productivity throughout the study period. The compound annual growth 





















Thus, we obtain a sample of cross-section data. We use a linear model to 
analyse β-convergence; the dependent variable is the growth rate of EP 
and the explanatory variable is the log of the 1995 value of EP (i.e., the 
level for the first year of the study period). Hence, the estimating equa-
tion is:
 ∆EP EPc i c i c i, , , ,log( )= + +a b e1995  (3)
The model described in equation (3) represents a process of absolute conver-
gence. Our expectation is that the coefficient β is negative and statistically 
significant; this would suggest the existence of an inverse relationship 
between the logarithm of the initial level of environmental productivity 
and the compound annual growth rate of EP. In this first specification, 
we consider other specific factors relative to countries or single sectors 
that might have some effect on the emissions, such as particular govern-
ment policies or the openness/closeness to international trade, by includ-
ing country and/or sector fixed effects.
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We conduct some robustness tests on the base model using different sub-
samples. For the first analysis, we use a sub-sample of the EU15 countries, 
excluding eastern European countries that most recently joined the EU. For 
the second analysis, we consider a sub-sample of member states that adopted 
the Euro (the Eurozone) and for the third, we use a sub-sample of countries 
that continue to use their national currencies. The fourth sub-sample con-
sists of observations with growth rates in environmental productivity (ΔEP) 
within the interquartile range. Finally, we distinguish observations based 
on the initial value of environmental productivity (EP) and obtain a sub-
sample with the highest EP values and a sub-sample with the lowest EP val-
ues, which represent the fifth and sixth subsamples, respectively.
The base model considers only the growth rates and initial levels of EP; the 
second specification of the model includes other factors that may affect 
convergence in EP. The first variable considered is sectorial trade, which 
is measured in terms of the growth rates in trade flows from 1995 to 2009. 
The variable TRADEc,i represents the compound average growth rates of the 

























As already mentioned in section 2, different scholars have examined the 
possible effects of trade on polluting emissions. In alignment with the 
model in Meltiz (2003), trade might induce positive technology and produc-
tivity spillovers, which could result in an aggregate reduced level of emis-
sions (i.e., can have a positive effect on environmental productivity) and 
therefore, help to close the gap between the leader and the laggard coun-
tries in terms of environmental productivity. In this sense, our hypothesis 
is that the relationship between the growth of environmental productiv-
ity and the growth of trade flows is positive. Therefore, we expect that the 
coefficient γ in equation (5) is positive and statistically significant.
The second variable included in this study is technology stock (TECH); we 
included this to represent the growth of patent stocks during the period 
1995-2009 7 for each sector and each country. Our hypothesis is that growth 
7 Appendix A explains the construction of the dataset of patent stock in detail.
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in technological knowledge stock will positively affect environmental pro-
ductivity, particularly in countries that have a greater margin of abate-
ment (i.e., that start with lower environmental productivity). Therefore, 
we expect a positive relationship to exist between the variable for tech-
nology and the growth rates of environmental productivity and thus, a 
positive value of δ in equation (5). A positive relationship would mean 
that, on average, higher growth rates in patent stock are associated with 
improvements in environmental performances, since technological pro-
gress improves the value added of sectors, if CO2 emissions are equal.
Furthermore, we considered the effect of a policy variable that is also a 
dummy variable (ETSi) that takes the value 1 if the given sector is covered 
by the EU Emission Trading Scheme 8 and 0 if the sector is not covered by 
the EU ETS. Since this policy is directed to all the EU firms in the studied 
sector, we expect that this will reduce the gaps in environmental produc-
tivity among EU countries and improve sectorial performance. As a final 
control variable, we added the variation of the number of active firms by 
sector (FIRMS) and the variation of the sectorial share of total value added 
(SHARE) because these can impact sectorial value added and CO2 emis-
sions, respectively. Equation (5) below summarizes the second specifica-
tion:
 
∆EP EP TRADE TECH ETS
FIRM
c i c i c i c i c i, , , , , ,log( )= + + + +
+
a b g d q
r
1995
S SHAREc i c i c i, , ,+ +J e
 (5)
We conducted some additional tests to check for the robustness of the full 
model in equation 5 by grouping the observations in different subsamples, 
namely, Euro/Non-Euro, the interquartile range and the 50% highest (or 
lowest) observations in terms of EP. A final panel of regressions considers 
the short-term economic effects of the business cycle and shocks, such as 
occurred in 2009. We constructed both a fixed effect model and an instru-
mental variable model with a time fixed effect that allows testing for the 
sensitivity of our results to the removal of economic cycle fluctuations. In 
addition to analysing β-convergence, σ-convergence is also investigated to 
8 The Emission Trading Scheme was introduced in the European Union in 2005. 
Currently, it covers some of the most polluting industries, including energy produc-
tion; civil aviation; oil refining; and the manufacturing of steel, iron, aluminum, 
cement, glass, paper and some chemical substances.
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study the trend of the variability of EP over time. The measure of statisti-
cal dispersion employed in this analysis is the coefficient of variation. 9 A 
decreasing trend of the coefficient of variation would denote decreasing 
variability of environmental productivity, indicating a higher concentra-
tion of values close to the mean, which means that the σ-convergence pro-
cess is ongoing (Stegman and McKibbin, 2005; Aldy, 2006).
4. DATA
Table 1 summarizes the descriptive statistics for the variables of the sam-
ple. Data for environmental productivity are mined from the World Input-
Output Database (WIOD). 10 
The WIOD gathers data for 27 countries of the European Union (all the cur-
rent member states except Croatia) and 13 extra-EU countries (including 
China, Japan and the USA). Given the purpose of this analysis, we selected 
only the information concerning the EU countries. The database contains 
9 The coefficient of variation is defined as the ratio between the standard deviation 
and the mean of the population of EP records.
10 See also Dietzenbacher et al. (2013).
Table 1. Descriptive statistics of the variables of interest
Variable Unit  
of measure
N Mean Standard 
deviation
Min Max
Value added € 378 8075,04 18598,94 0 183979
CO2 emissions kiloton 374 3061,006 7225,334 0,05 65619,6
Environmental  
productivity
€/kiloton 374 75,797 871,1307 0,0015 16687,85
ΔEP 1995-2009 % 362 8,7414 13,34 -21,925 64,14
Δ trade flows  
1995-2009
% 336 6,9546 4,586 -4,641 20,94
Δ patent stock  
1995-2009
% 310 10,05 8,1462 -9,4261 67,91
Δ number of firms 
per sector 1997-2009
% 349 31.331 240.851 -26.837 2378.752
Δ share of sectorial 
value added
% 454 0.32 0.032 -0.896 10.286
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data for 37 economic sectors. The classification adopted is the International 
Standard Industrial Classification (ISIC Rev. 3) with two-digit divisions. 
We considered only manufacturing activities (class D in ISIC Rev. 3); 
hence, the total number of sectors considered is 14. 11 Altogether, 378 obser-
vations are included in our dataset.
The data coverage is almost complete, although some information is miss-
ing for some countries. Luxembourg is the most problematic because only 
4 industries are covered (chemicals; rubber and plastics; non-metal min-
erals; and machinery), all the other data are not available or present rele-
vant holes. We do not have data for the manufacturing of leather products 
(ISIC 19) for Luxemburg, Finland or the Netherlands, and lack data for cer-
tain years in the time series of Latvia, Slovenia and Sweden.
As specified in section 3, the variables of interest are value added and CO2 
emissions at sectorial level. Value added is expressed in millions of US 
Dollars, while emissions are expressed in kilotons (Table 1).
For a preliminary data analysis, Figures 1 and 2 show the amount of CO2 
emissions at country (1995 and 2009) and sector (1995, 2002 and 2009) lev-
els, respectively.
Performances of countries are rather heterogeneous (Figure 1). European 
emissions (Panel A) show a decrease of almost 23% (or 268 thousand kilo-
tons) between 1995 and 2009. During this period, 20 of 27 countries reduced 
their emissions; 5 of these (Germany, Italy, France, the United Kingdom 
and Poland) account for 70% of the total reduction (187 thousand kilotons). 
Luxembourg, Romania and Bulgaria are the top performers in relative 
terms, with reductions between 57 and 75.5% with respect to their 1995 
levels. Among the 7 countries with emissions higher in 2009 than in 1995, 
11 In particular, we refer to the manufacture of: food products, beverages and tobacco 
products (ISIC 15 and 16); textiles and wearing apparel (17 and 18); leather products 
and footwear (19); wood and cork products (20); paper products, publishing and 
printing activities (21 and 22); coke, refined petroleum products and nuclear fuel 
(23); chemical products (24); rubber and plastic products (25); non-metallic mineral 
products (26); basic metals and fabricated metal products (27); machinery and equip-
ment n.e.c. (29); office, computing and electrical machinery, communication appa-
ratus, medical and optical instruments (30, 31, 32, and 33); motor vehicles and other 
transport equipment (34 and 35); and furniture and other manufacturing n.e.c. (36).
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Figure 1. CO2 emissions (Panel A) and CO2 emission intensity  
of value added (Panel B) at country level. EU27. 1995 and 2009
 
Source of data: WIOD
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Spain (+3.4%) and Austria (+4.3%) are the most important. In terms of 
emission intensity of value added (computed as the ratio of CO2 emissions 
produced per unit of value added) we note that in 2009, this indicator 
increased by 941% and 561% in Bulgaria and Romania, respectively, while 
changes relative to other countries are less remarkable. There are several 
reasons for this difference. For example, the crisis might have affected 
these growing economies more, causing a reduction of value added in 2009 
that was greater than the reduction in CO2 emissions. Another version of 
Panel B (without the outlier countries) shows that, in general, emission 
intensity was higher in the eastern European countries in 1995 but signif-
icantly decreased in 2009. Emission intensities of southern and northern 
EU countries do not show a remarkable variation between these two years.
Figure 2 refers to sectorial emission levels at the beginning of the study 
period (in 1995), in the middle (2002) and at the end (2009). Among the 
most polluting activities are the production of basic metals and metal prod-
ucts, the manufacture of non-metallic minerals (such as ceramic, glass, 
and cement), the chemical sector and activities related to coke and refined 
petroleum. Notwithstanding these initial performances, the following 
sectors reduced their environmental impact over time: the metal sector, 
the non-metallic minerals sector and the chemical sector. Relatively lower 
CO2 emissions are produced by the electrical equipment and other machin-
ery sectors, the wood sector and the production of leather sector.
Regarding the emission intensity of value added (panel B of figure 2), we 
find that the first four pollutants in Panel A are also the top four sec-
tors for emission intensity. Moreover, we note that with respect to 1995, 
emission intensity increased in 2002, particularly for the manufactur-
ing of coke and petroleum and the production of non-metallic minerals. 
Emission intensity in 2009 is decreased compared to both the beginning 
and the end of the study period due to the negative variation of value 
added in that year. 
Nevertheless, to properly interpret all this information, we must also con-
sider the tendencies of the value added of the manufacturing sector. In 
fact, at least part of the decrease in emissions might be due to minor man-
ufacturing activity, which in turn may be related to an ongoing structural 
change in the European economy towards the services sector and the lat-
est economic crisis that involved the European industry.
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Figure 3 depicts the evolution of environmental productivity (EP) in 
selected EU27 countries. Environmental productivity has experienced a 
greater increase in the United Kingdom, which also started from a higher 
value in 1997, showing a persistent positive trend. In contrast, among the 
continental countries, there has been a decrease in EP for the last part 
of the 1990s and the first years of the 2000s. However, since 2003, the 
variation of EP has been steadily positive. The positive trend signals that 
Figure 2. CO2 emissions (Panel A) and CO2 emission intensity  
of value added (Panel B) at sectorial level. EU27. 1995, 2002 and 2009
 
Source of data: WIOD.
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there has been an actual improvement in terms of environmental impact; 
therefore, we also check the trend of value added. The levels measured 
in the last year of the time series (2009) are in the range between 1 and 
2.5 euros of value added per kiloton of CO2 emissions.
As for the average growth rates of trade flows, the data are provided by 
the OECD (OECD-STAN Bilateral Trade Database in Goods), which also 
applies the ISIC Rev. 3 industrial classification. Bulgaria, Luxembourg and 
Slovakia have no trade data available for any of the industrial sectors ana-
lysed; hence, in the section that considers the regression of the trade var-
iable, we refer to a dataset of 330 total observations.
As a measure of the technological change dimension, we choose patent 
applications because this is an indicator of innovation processes. We do 
not discriminate between environmental and non-environmental tech-
nologies because innovation is intended in a broader sense, akin to the def-
inition of sustainable innovation (SI) in Ketata, Sofka and Grimpe (2015). 
In contrast to environmental innovation (Rennings, 2000), SI is a more 
inclusive concept that not only involves the environmental dimension 
but also actual social issues and the needs of future generations (Ketata, 
Sofka and Grimpe, 2015). The patent variable refers to the growth rates of 
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patent stock for each manufacturing sector from 1977 to 2009. To obtain 
this dataset, we use yearly data on patent applications to the European 
Patent Office (EPO), which are provided by the OECD. The total observa-
tions are 310, since much of the data on Eastern Europe are missing (par-
ticularly for countries such as Estonia, Latvia, Lithuania, Romania and 
Slovakia). Detailed information on the computation of the stock of patents 
and its growth rate are presented in the Appendix. 
Finally, data on the number of active firms are retrieved from Eurostat. 
Unfortunately, data were available only for 1997 and later. 
5. RESULTS
5.1. β-Convergence
Table 2 reports the coefficients estimated using a parsimonious regression 
model to test the existence of absolute convergence (column 1) and conver-
gence conditional to sector and country fixed effects. Table 3 present the 
results of the full model as framed in equation (5) while different robust-
ness checks are shown in tables 4 and 5.
The specification in column 1 shows a negative and significant β with a 
value of -0.026, which suggests the presence of absolute (unconditional) 
convergence. The significance of log EP (1995) is robust to the introduc-
tion of country and sector fixed effects, although the magnitude of the 
Table 2. Basic model and EU15 and non-EU15 subsamples
Basic model EU15 Non-EU15
(1) (2) (3) (4) (5)










Country fixed effects no yes yes no no
Sector fixed effects no no yes no no
Observations 362 362 362 197 165
R2 0,23 0,80 0,84 0,00 0,31
Notes: for each column, standard errors of regression coefficients appear in parenthesis.
Significance level: * p < 0,10, ** p < 0,05, *** p < 0,01.
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conditional convergence appears lower. When we narrow the analysis to 
focus on either EU15 or non-EU15 countries, we find that while the result 
holds for non-EU15 countries (column 4), the coefficient of log EP (1995) is 
not significant (column 5). One interpretation of this result is that the old-
est EU countries might have achieved similar environmental productivity 
performances.
Table 3 presents the regression results for different specifications and for 
the full specification (column 5). While convergence holds, environmen-
tal productivity appears to be positively influenced by trade openness 
(column 1), which exerts its effect by increasing value added. The coeffi-
cient is positive (1.266) and statistically significant at the 1% level.
The second column in Table 3 refers to the regression that adds the tech-
nology dimension. The variable included in the model is the growth of pat-
ent stock, as presented in section 3. The coefficients relative to initial EP 
levels (β) and the trade dimension (γ) hold in magnitude and significance 
Table 3. Covariate specification of the model
Dependent var: (1) (2) (3) (4) (5)
Growth of EP
Log EP (1995) -0.0129*** -0.0129*** -0.0129*** -0.0141*** -0.0137***
(0.00392) (0.00392) (0.00392) (0.00440) (0.00436)
Trade openness 1.266*** 1.266*** 1.266*** 1.268*** 1.255***



























Sector FE Yes Yes Yes Yes Yes
Observations 275 275 275 237 236
R-squared 0.359 0.359 0.359 0.357 0.364
Robust standard errors appear in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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with respect to those obtained in the previous specification. Examining 
the coefficient of the growth of patent stock (δ), we note that the coef-
ficient is negative but not significant, which means that technology 
does not have a relevant effect on the EP convergence process in Europe. 
Although this result may appear counterintuitive, it is worth noting that 
there might be very large disparities in terms of innovation capacities 
across sectors and countries, due to factors such as different levels of avail-
ability of resources to invest in R&D projects 12. This means that countries 
with higher levels of technological development are building new knowl-
edge from a higher starting point compared to countries that are laggards 
in terms of innovation capacity. Therefore, technology might not be a sig-
nificant factor in the convergence of environmental performances. 
In the following, we consider the inclusion of a dummy variable relative 
to the EU Emission Trading Scheme (column 3). The coefficient is not sig-
nificant, signalling that the introduction of this policy to reduce GHG 
emissions did not affect the convergence of environmental productivity. 
However, our data includes only part of the first phase of the introduction 
of the system and the emission limits in 2005 were not stringent, which 
would have hindered any possible effect on EP (Abrell, Ndoye Faye and 
Zachmann, 2010). 
Column 4 shows that inclusion of an additional independent variable (the 
variation of the number of firms per sector) does not significantly affect 
the process of convergence of environmental productivity. However, we 
found that the variation of the sectorial share of value added, shown in 
the full model of column 5, is significant with a negative coefficient. Thus, 
variation of the industry share of value added tends to decrease the value 
of the environmental productivity indicator.
Following Rodrik (2013), we conduct some additional tests using different 
sub-samples to check for the robustness of our model. The results for the 
robustness check are summarized in table 4.
12 For instance, Gilli, Mazzanti and Nicolli (2013) note that, typically, northern EU 
countries (e.g., Germany and Sweden) show a high degree of innovative capability 
(with a high share of eco-innovations) and have a longer tradition of environmen-
tal protection oriented policies than southern and eastern EU countries (e.g., Italy). 
Therefore, the effect of technological change as a driver of improved environmental 
productivity might not fully emerge at the EU aggregate level.
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First, we divided the sample based on whether countries adopted the euro 
(column 1 and column 2). The relation with log EP (1995) is statistically 
significant in both cases but note that, first, the coefficient of the initial 
level of EP has a slightly higher magnitude for non-euro countries and sec-
ond, trade appears to significantly influence the convergence process only 
for this group of member states. The variation of the sectorial number of 
firms and of the sectorial share of value added is significant for the non-
euro countries. Thus, in this subsample, factors related to the structure of 
the manufacturing sector appear to be relatively more important for envi-
ronmental performances when compared to the other subsamples.
To test if the regression results are sensitive to the presence of outliers, 
regressions are also run excluding the extreme observations of ΔEP and 
considering only values within the interquartile range (i.e., between the 
25th and the 75th percentiles). 215 observations belong to this subsample 
Table 4. Robustness check of the full model in table 3, column 5
Dependent var: (1) (2) (3) (4) (5)






Log EP (1995) -0.0188** -0.0212*** -0.0156*** -0.0174*** -0.00635**
(0.00772) (0.00561) (0.00439) (0.00626) (0.00270)
Trade openness -0.489 1.398*** 1.301*** 1.048*** -0.0442
(0.316) (0.221) (0.235) (0.346) (0.143)
Patent stock 0.188 -0.277* -0.148 -0.166 -0.203*
(0.120) (0.162) (0.120) (0.147) (0.110)
ETS -0.000251 -0.0386 0.00779 -0.0293 0.00319
(0.0185) (0.0585) (0.0246) (0.0444) (0.0101)
Δ Sectorial  
n. of firms
8.25e-06 5.28e-05** 2.42e-06 1.27e-05 1.15e-05
(1.99e-05) (2.63e-05) (1.72e-05) (2.23e-05) (7.62e-06)












Sector FE Yes Yes Yes Yes Yes
Observations 147 89 214 106 130
R-squared 0.212 0.582 0.380 0.329 0.320
Robust standard errors appear in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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(column 3). Significance of the convergence process holds and the coef-
ficient of log EP (1995) is higher in magnitude with respect to those pre-
sented in table 3. In addition, trade maintains its significance and mag-
nitude.
The same occurs with the sub-sample that includes only 50% of the high-
est value observations of EP (column 4). In contrast, when considering the 
lowest value observations of EP (column 5), the coefficient of the initial 
level of environmental productivity remains significant but is remarka-
bly lower compared to the other subsamples. Moreover, trade in this sub-
group does not seem to significantly affect the ongoing convergence pro-
cess of environmental productivity.
As a further robustness check and to mitigate the economic effects of the 
crises in 2009 and other cyclical factors, we also considered a panel ver-
sion of our dataset, which can be interpreted as an assessment of short 
term economic effects on the relation. The results are summarized in 
table 5 where we considered both a fixed effect model and a simple instru-
mental variable model. In alignment with Reed (2015), we chose the sec-
ond lag of the logarithm of environmental productivity as an instrument 
for the lagged logarithm of environmental productivity. The dependent 
variable is the annual variation of environmental productivity. In this 
case, (panel) convergence is computed using the lagged logarithm of envi-
ronmental productivity instead of the initial level. All the other regres-
sors are included in levels. β-convergence holds in the short term for both 
specifications. Trade openness remains positive and significant in col-
umn 1 but not in the instrumental variable model in column 2. The mag-
nitude of convergence is greater in the short term than in the long term 
(see table 4). In addition, the share of industry value added appears to 
exert a significant effect on environmental productivity; particularly in 
the short run, an increase in the share of value added positively affects 
the dependent variable.
To summarize, our first set of results highlight that i) there is a tendency 
of absolute convergence in terms of environmental productivity in the 
European industrial sectors between 1995 and 2009; ii) considering a con-
ditional convergence perspective, the process is positively influenced by a 
country’s trade openness and negatively influenced by the sectorial share 
of value added. 
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Considering the additional regressions for different subsamples, we find 
that the fundamental hypothesis is verified. Indeed, when considering 
leader and laggard countries separately, the coefficient β is negative and 
statistically robust for this last group. Finally, we also find evidence that 
convergence persists in the short run and is robust to economic shocks and 
business cycle dynamics. 
5.2. σ-convergence 
The final part of this analysis is focused on σ-convergence (figure 4). Thus 
far, we have supported the existence of convergence in the growth rates 
of environmental productivity. In other words, we found support for the 
hypothesis that laggard countries, in terms of environmental productiv-
ity, are improving their performance at a higher rate than countries that 
already show positive performance in EP.







Log EPt-1 -0.156*** -0.139***
(0.0185) (0.0244)
Trade openness 0.00625*** -0.00236
(0.00225) (0.00175)
Patent stock -4.11e-07 2.28e-06
(2.77e-06) (3.10e-06)
Sectorial number of firms 2.39e-05 -1.63e-05
(5.34e-05) (5.99e-05)






Time FE Yes Yes
Observations 1,235 1,235
R-squared 0.264 0.040
Number of code 155 155
F first stage - 1745.66
Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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Figure 4. Change in the EP coefficient of variation. 1995-2009; 1995=100. 
Sectorial level. EU27.  
In Panel B, the electrical equipment sector  
is represented on the right axis
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Recall from section 3 that regarding σ-convergence, the aim is to assess if 
the speed at which laggard countries are improving is fast enough to close 
the gap between leaders and laggards.
As noted in figure 3, the majority of the sectors show increasing varia-
bility in environmental productivity. For certain sectors (e.g., machinery 
and equipment in Panel A and electrical equipment in Panel B), the gap 
in environmental performances among EU27 countries is increasing. This 
suggests that although laggard countries are improving their EP at a faster 
rate than leader countries, the speed of improvement for these sectors is 
not sufficient to close the existing divide. However, for other sectors, such 
as coke and petroleum and wood production in Panel A and leather, tex-
tiles and food and beverages in Panel B, there is evidence of a reduction 
in the variability of the EP indicator over time. For these sectors, the con-
vergence of environmental performances, on average, begins around the 
beginning of the 2000s. However, since the evidence for such dynamics 
remains limited in the sample, the hypothesis of a reduction of the gap 
between laggard and leader countries is not fully supported.
This result may be a signal that although environmental performances 
and commitments to the decarbonization of the economy are improv-
ing in EU laggard member states, the effort cannot yet fully compen-
sate for the gap between laggard and leader countries. Finally, we note 
that the presence of a β-convergence and the simultaneous absence of an 
σ-convergence are compatible, according to Stegman and McKibbin (2005) 
and Rodrik, 2013. This situation may be due to unobserved factors that 
influence the growth of environmental productivity.
6. CONCLUSIONS
The aim of this study is to offer a new and different perspective on the 
environmental performances of the European manufacturing sector. 
Specifically, this analysis is focused on detecting, describing and test-
ing the relevance of the convergence process of environmental produc-
tivity across the manufacturing sectors of the European countries. Both 
β-convergence and σ-convergence are considered; the former informs 
on the existence of a catching-up process for which laggard countries, 
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in terms of sectorial environmental productivity, are performing better 
(i.e., increasing more) than leader countries (i.e., countries that already 
show good environmental productivity performance). 
σ-convergence relates to the sectorial variability of environmental pro-
ductivity among sectors in different countries; if variability decreases 
over time, then the gap between laggard and leader countries, in terms of 
environmental performances, is becoming smaller.
The results support the hypothesis that an ongoing β-convergence process 
exists, which implies that the environmental productivity of manufactur-
ing sectors in laggard countries is growing faster than the environmental 
productivity of manufacturing sectors in leader countries.
In addition, the inclusion of other relevant variables in the model signals 
that aspects such as trade openness and changes in the sectorial share of 
value added have relevant effects. Specifically, trade openness has a pos-
itive effect on the growth of environmental productivity while fluctua-
tions in value added reduce environmental productivity. Notwithstanding 
the support for β-convergence, there is no evidence of an ongoing process 
of σ-convergence, indicating that the discrepancy in EU environmental 
performances is not reducing over the considered period.
Jointly, these results might indicate that although laggard countries are 
exerting greater efforts towards improving their environmental perfor-
mances than leader countries, the gap between these two groups is wid-
ening; the increase in EP for laggards is not sufficient to compensate for 
their distance from the leaders.
As noted in section 5, technology does not appear to be a significant factor 
in increasing the rate of environmental productivity. This result, which 
might be surprising at first, can be explained by the fact that within the 
EU, countries have very different levels of technological knowledge and 
diverse institutional and cultural conditions. From a policy perspective, 
this implies support for the term “two-speed Europe” and underlines how 
policies oriented towards the increase of a country’s technological knowl-
edge base might be essential not only for the well-known advantages in 
terms of economic growth but also for the improvement in environmental 
performances of the overall Union. 
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APPENDIX
To obtain the patent stock for each industrial sector, we use data mined 
from the OECD database for patent applications. We selected the total 
number of patent applications to the European Patent Office (EPO) by the 
applicant’s country of residence and by the patent class of the application 
(according to the International Patent Classification), The data covered 
the period 1977-2009.
Prior to calculating patent stock and its annual growth rate, we needed to 
match the IPC classes to the ISIC rev.3 classification. We did this using the 
correspondence table originally developed by Schmoch et al. (2003),
We computed the patent stock so that it considers both the annual flow 
of new patents and the stock of existing patents, depreciated to account 
for technological obsolescence in alignment with Popp et al (2011), In addi-
tion, we applied another analysis using patent data stock as in Weina 
et al. (2016) and Franco and Marin (2017), The stock is obtained as follows:
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where β1 is the rate of knowledge obsolescence (set equal to 0.1) and β2 is 
the rate of knowledge diffusion (set equal to 0.25) 13. 
Eventually, the compound annual growth rate from 1995 to 2009 is calcu-





















13 Our results are robust to the choice of slightly differences rates of obsolescence and 
diffusion.
